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[57] ABSTRACT 

A series of nonwoven webs and the processes for their 
production are disclosed. The resultant webs have equal or 
superior strength characteristics to conventional nonwoven 
fabrics made using spunbond processes but their constituent 
fibers are of a finer diameter. This is accomplished through 
a process of melt blowing a nonwoven fabric made from at 
least one polymer at low polymer flows per die hole and low 
air and polymer pressures using modular die technology to 
provide a die with one or more rows of die holes." The 
nonwoven fabric of this invention may be used in products 
such as diapers, feminine hygiene products, filters, progres- 
sive layer filters, adult incontinence products, wound 
dressings, bandages, sterilization wraps, surgical drapes, 
geotextiles, wipers, insulation and other related products. ' 
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MICRO-DENIER NONWOVEN MATERIALS 
MADE USING MODULAR DIE UNITS 

FIELD OF THE INVENTION 

The present invention relates to micro-denier nonwoven 
webs and their method of production using modular die units 
in an extrusion and blowing process. 

DESCRIPTION OF THE PRIOR ART 

Thermoplastic resins have been extruded to form fibers 
and webs for many years. The nonwoven webs so produced 
are commercially useful for many applications including 
diapers, feminine hygiene products, medical and protective 
garments, filters, geotextiles and the like. 

A highly desirable characteristic of the fibers used to 
make nonwoven webs for certain applications is that they be 
as fine as possible. Fibers with small diameters, less than 10 
microns, result in improved coverage and higher opacity. 
Small diameter fibers are also desirable since they permit the 
use of lower basis weights or grams per square meter of 
nonwoven. Lower basis weight, in turn, reduces the cost of 
products made from nonwovens. In filtration applications 
small diameter fibers create correspondingly small pores 
which increase the filtration efficiency of the nonwoven 

The most common of the polymer-to-nonwoven pro- 
cesses are the spunbond and meltblown processes. They are 
well known in the US and throughout the world. There are 
some common general principles between melt blown and 
spunbond processes. The most significant are the use of 
thermoplastic polymers extruded at high temperature 
through small orifices to form filaments and using air to 
elongate the filaments and transport them to a moving 
collector screen where the fibers are coalesced into a fibrous 
web or nonwoven. 

In the typical spunbond process the fiber is substantially 
continuous in length and has a fiber diameter typically in the 
range of 20 to 80 microns. The meltblown process, on the 
other hand, typically produces short, discontinuous fibers 
that have a fiber diameter of 2 to 6 microns. 

Commercial meltblown processes, as taught by U.S. Pat. 
No. 3,849,241 to Buntin, et al, use polymer flows of 1 to 3 
grams per hole per minute at extrusion pressures from 400 
to 1000 psig and heated high velocity air streams developed 
from an. air pressure source of 60 or more psig to elongate 
and fragment the extruded fiber. This process also reduces 
the fiber diameter by a factor of 190 (diameter of the die hole 
divided by the average diameter of the finished fiber) 
compared to a diameter reduction factor, of 30 in spunbond 
processes. The typical meltblown die directs air flow from 
two opposed nozzles situated adjacent to the orifice such that 
they meet at an acute angle at a fixed distance below the 
polymer orifice exit. Depending on the air pressure and 
velocity and the polymer flow rate the resultant fibers can be < 
discontinuous or substantially continuous. In practice, 
however, the continuous fibers made using accepted melt- 
blown art and commercial practice are large diameter, weak 
and have no technical advantage. Consequently the fibers in 
commercial meltblown webs are fine (2-10 microns in 6 
diameter) and short, typically being less than 0.5 inches in 
length. 

It is well known in the nonwoven industry that, in order 
to be competitive in melt blowing polymers', from both an 
equipment and a product standpoint, polymer flows per hole 65 
must be at least 1 gram per minute per hole as disclosed by 
U.S. Pat. No. 5,271,883 to Timmons et al. If this is not the 
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case additional dies or beams are required to produce 
nonwovens at a commercially acceptable rate. Since the 
body containing the die tips and the die tips themselves as 
used in standard commercial melt blowing die systems are 
5 very expensive to produce, multiple die bodies make low 
polymer and low air flow systems unworkable from an 
operational and an economic viewpoint. It is additionally 
recognized that the high air velocities coupled with the very 
large volumes of air created in a typical meltblown system 
10 creates considerable turbulence around the collector. This 
turbulence prevents the use of multiple rows of die holes 
especially if for technical or product reasons the collector is 
very close to the die holes. Additionally, the extremely high 
cost of machining makes multiple rows of die holes enclosed 
15 in a single die body cost prohibitive. Presently the art of 
blowing or drawing fibers, composed of the various ther- 
mally extrudable organic and inorganic materials, is limited 
to the use of subsonic air flows although the achievement of 
supersonic flows would be advantageous in certain melt- 
20 blown and spunbond applications. It is well known from 
fluid dynamics, however, that in order to develop supersonic 
flows in compressible fluids, such as air, a specially designed 
convergent-divergent nozzle must be used. However, it is 
virtually impossible to provide the correct convergent- 
25 divergent profile for a nozzle by machining a monolithic die 
especially when large numbers of nozzles arc required in a 
small space. 

SUMMARY OF THE INVENTION 

30 ™ . . . 

I he instant invention is a new method of making non- 
woven webs, mats or fleeces wherein a multiplicity of 
filaments are extruded at low flows per hole from a single 
modular die body or a series of modular die bodies wherein 
(5 each die body contains one or more rows of die tips. The 
modular construction permits each die hole to be flanked by 
up to eight air jets depending on the component plate design 
of the modular die. 

The air used in the instant invention to elongate the 
4y filaments is significantly lower in pressure and volume than 
presently used in commercial applications. The instant 
invention is based on the surprising discovery that using the 
modular die design, in a melt blowing configuration at low 
air pressure and low polymer flows per hole, continuous 
45 fibers of extremely uniform size distribution are created, 
which fibers and their resultant unbonded webs exhibit 
significant strength compared to typical unbonded melt- 
blown or spunbond webs. In addition substantial self bond- 
ing is created in the webs of the instant invention. Further, 
it is also possible to create discontinuous fibers as fine as 0.1 
microns by using converging-diverging supersonic nozzles. 

For purposes of defining the air flow characteristics of the 
instant invention the term "blowing" is assumed to include 
blowing, drafting and drawing. In the typical spunbond 
system the only forces available to elongate the fiber as it 
emerges from the die hole is the drafting or drawing air. This 
flow is parallel to the fiber path. In the typical meltblown 
system the forces used to elongate the fiber are directed at an 
oblique angle incident to the surface. The instant invention 
uses air to produce fiber elongation by forces both parallel 
to the fiber path and incident to the fiber path depending on 
the desired end result. 

Accordingly, it is an object of the present invention to 
produce a unique nonwoven web using the modular extru- 
sion die apparatus described in the U.S. application Sen No. 
08/370,383 by Fabbricante, et al now U.S. Pat. No. 5,679, 
379, whereby specially shaped plates' are combined in a 
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repeating series to create a sequence of readily and eco- DESCRIPTION OF THE INVENTION 
nomically manufactured modular die units which are then 

contained in a die housing which is a frame or holding present invention is a novel method for the extrusion 

device that contains the modular plate structure and accom- of substanliaII y continuous filaments and fibers using low 

modates the design of the molten polymer and heated air 5 P ol y mer flows P er die hole and low air pressure resulting in 

inlets. The cost of a die produced from that invention is a novel noow oven web or fleece having low average fiber 

approximately 10 to 20% of the cost of an equivalent die diameters, improved uniformity, a narrow range of fiber 

produced by traditional machining of a monolithic block. It diameters, and significantly higher unbonded strength than a 

is also critical to note that it is virtually impossible to typical meltblown web. When the material is thermally point 

machine a die having multiple rows of die holes and multiple bonded it is similar in strength to spunbonded nonwovens of 
rows of air jets. 10 the same polymer and basis weight. This permits the manu- 

Because of the modular die invention and its inherent facture of commercially useful webs having a basis weight 

economies of manufacture it is possible for multiple rows of of less than 12 grams/square meter 

die holes and multiple die bodies to be used without high Another important feature of the webs produced are their 

capital costs. Tte in turn permits low flows per hole with excellent liquid barrier properties which permit the app ica- 

concomitant ability to use low me t pressures for fiber 15 n r ™, \n e p mcn p , rmn ine a PP llca " 

extrusion and low'a.r pressures for elongating these fih- Suid pe^n PrCSSUre ° ^ 

ments. As an example, m an experimental meltblown die A . 

configuration, flows of less than 0.1 grams per hole per Another feature of the present invention is that the modu- 
minute and using heated air at 5 psig pressure create a strong iar die units ma y be mixed witnin one die housing thus 
self bonded web of 2 micron fibers. The web may also be 20 simu ltaneousiy forming different fiber diameters and con- 
thermally bonded to provide even greater strength by using figurations which are extruded simultaneously, and when 
conventional hot calendering techniques where the calender accumulated on a collector screen or drum provide a web 
rolls may pattern engraved or flat. wherein the fiber diameters can be made to vary along the Z 
Another unexpected result is that because of the low axis or thickness of the web (machine direction being the X 
pressure air and low flow volumes, even though the die 25 axis and cross machine direction being the Y axis) based on 
bodies contains multiple rows of die tips, there is virtually tne diameters of the die holes in the machine direction of the 
no resultant turbulence that would create fiber entanglement die body. 

and create processing problems. Yet another feature of the present invention is that mul- 

A further unforeseen result of the instant invention is that tiple extrudable materials may be utilized simultaneously 
the combination of multiple rows of die holes with multiple 30 within the same extrusion die by designing multiple polymer 

ottset air jets all running at low polymer and air pressure do inlet systems 

not create polymer and air pressure balancing problems Still another feature of the present invention is that since 

within the die. Consequently the fiber diameter, fiber extru- multiple extnidable molten L m o P Z™Z£ and Z- 

sion characteristics and web appearance are extremely uni- tiple ^trusion die configurations may be uSnt 
L 35 extrusion die bousing, it is possible to have both fibers of 

A further invention is that the web produced has charac different material and different fiber diameters or configu- 

enst.es of a meltblown material such as very fine fibers rations extruded from the die housing simultaneously, 

(from 0.6 to 8 micron diameter), small inter-fiber pores, high ^ n0V el features which are considered characteristic for 

opacity and self bonding, but surpnsmgly it also has char- the invention lre se( for(h in particu ,a r the ppe£ 
con, ™fih" SP 7l °h rT 1 ^ ^ S " bs,antialI y 40 claims. The invention itself, however, both as toT"™ 

calender * ^ ^ h ' S hStreng * when bonded using . hot structio „ and its method of operation, together with addi- 

a fi - - . .. , tlonal OD jects and advantages thereof, will be best under- 

A farther mventton ,s that when a die using a .scries of stood from the following description of the specific 

convergmg-diverging nozzles, either in discrete air jets or embodiments when read in connection with the accompa- 
continuous slots which are capable of producing supersonic 45 nying drawings 

V t CkkS ; ^"f , the ,. ^ ° f th£ n0ZZlCS iS 11 ™ U be understood that each of the elements described 

parallel to the centerhne ol the die holes, which die holes aoove , or two or more t ^ a J £72£ 

have a diameter greater than 0.015 inches, the web produced appIicatlon in other types 0 LnstnctiLs dffiS from the 

5 to 20 microns m diameter dependent on die hole size, '50 derived from thermoplastic polymers thermoelastic 

polymer flow rates and air pressures) small inter- fiber nnres 1 1 piaoui. puiymcra, inermoeiasuc 

ffood nnaeirv and Z «,r u f 1 P L ' P ol ymers, glass, steel, and other extrudable materials 

h,r, T T f bonding but surprisingly, it has capaole of formi flne fibers of commercial and technical 

charactenstics ot a spunbond material such as substantially value ^amcai 
continuous fibers and high strength when bonded using hot 

calender. It is important to note that a quench stream can 55 BRIEF DESCRIPllON OF THE DRAWINGS 

easily be incorporated within the die configuration if These features as well as others, shall become readily 

required by specific product requirements. apparent after reading the following description in conjunc- 

A further invention is that when a die using a series of tion with the accompanying drawings in which: 

converging-diverging nozzles, which are capable of produc- FIG. 1 is a sectional view illustrating the primary plate 

ing supersonic drawing velocities, wherein the angle formed 60 and secondary plate that illustrates the arrangement of the 

between the axis of the die holes and supersonic air nozzles various feed slots where there is both a molten thermoplastic 

varies between 0° and 60°, and which die holes have a resin flow and an air flow through the modular die and both 

diameter greater than 0.005 inches, the web produced has the polymer die hole and the air jet are contained in the 

fine fibers (from 0.1 to 2 microns in diameter dependent on primary plate. 

die hole size, polymer flow rates and air pressures), 65 FIG. 2 shows how primary and secondary die plates in the 

bondu^ mter - fibe r pores, good opacity and self modular plate construction can be used to provide 4 rows of 

10a mg ' die holes and the required air jet nozzles for each die hole. 
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ofSe G hi?,nHTh VleWOft r eeVaria,i0nS ? ,heplaCemenl FIG - 3b shows a 'he die holes 20 are 

^ 7 „ cross-machine diction. m both the pnmary 26 and secondary plates 27 thereby 

HO. 4 illustrates the incorporation of a converging- treating a continuous air slot 18 on either side of the row of 

diverging supersonic nozzle in a primary modular die plate 5 die holes. 

for the production of supersonic air or other fluid flows. FIG. 3c shows a system wherein the die holes 20 are 

, DETAILED DESCRIPTION OF SOME OF THE I 0 "' 6 *! l ° primafy plale 28 and the air i ets are 

PREFERRED EMBODIMENTS secondar y P lales 2 9 thereby creating airjets 19 

on either side ot the row of die holes. l"his adjacent flow 

The melt blown process typically uses an extruder to heat 10 draws without impinging directly on the liber and assists in 

and melt the thcrmopolymer. The molten polymer then preserving the continuity of the fiber without breaking it. 

passes through a metering pump that supplies the polymer to This configuration provides four air jets per die hole 

the die system where it is fiberized by passage through small While it is not shown, it is clear from the above that a 

Tln^l m ™ °f ki ™ ° US ! y ' h ° leS ' SpinDereI - ° f „ i UX,a P° sed «*» of only primary plates would provide a slit 
die nozzles. The exUing fiber is elongated and its diameter 15 die that could be used for film forming 

is decreased by the action of high temperature blowing air. Consequently the instant invention presents the abilitv to 

otherprocessvariablessuchasholesize.arrtemperatureand being 'constructed, The modular die l£ Son STS 

weS, C disi rihnrn 7 T ClUd,ng mC " fl ° W ' m °' CCUlar par " Cular embodimen. pmvides a total of 4 Tn OZ z7es fo 
weigh, distr. uhon and polymeric species. blowing adjacent to each die hole although i, I possibfc to 
Keterr.ng to FIG. 1 ot the drawmgs a modular die plate incorporate up to 8 nozzles adjacent to each die hole The air 
assembly 7 is formed by the alternate juxtaposition of " which may be at temperatures of up to 900° F provides a 
pnmary die plates 3 and secondary die plates 5 in a con- fractional drag on the fiber and attenuates it. The degree of 
tinuing sequence. A fiber forming, molten thermoplastic attenuation and reduction in fiber diameter is dependent on 
resin « forced under pressure into the slot 9 formed by the melt temperature, die pressure, air pressure, air tempera- 
secondary die plate 5 and pnmary die plate 3 and secondary ture and the distance from the die hole exit to the surface of 
die plate 5. The molten thermoplastic resin, still under the collector screen 

S 15 ,hen . fn ? to , s P read UDifo ™'y acros * lateral it fa weU kn0 wn in the art that very high air velocities will 

cavity 8 lormed by the alternate juxtaposition of primary die elongate fibers to a greater degree than Wr ve odtTes 

be P Zt «ZT 1 adj r n ' '? h ° le - 11 Sb ° Uld conventional monolithic dfaKSX 

be recognized that the secondary plate can also be used to F i r d ;n„«i,.i u ,u- u , , 

provide two additional air jets adjacent to the die hole , , 4 ' UuM 1 rates how «n be accomplished within the 

trr:r 600 aithough h in ,his e r imem a ^s v t^^^^^^ 

S^tET" there be 3 reqmremem ,ha * thC la,Cral * « 14 P rovid - P~d air I Z 
„„ f • - , . . , , converging duct section 13 which ends in a short orifice 

Keternng to FIG. 2 this shows how the modular primary section 12 connected to the diverging duct section 11 and 
and secondary die plates are designed to include four rows 50 provides, in ibis-case, two incident supersonic flows imping 
of die holes and air jets. The plates arc assembled into a die ing on the fiber exiting the die hole. This arrangement 
in the same manner as shown in FIG. 1. provides very high drafting and breaking forces resulting in 

Referring to FIG. 3 we see a plan view of the placement vel 7 fine (less than 1 micron diameter) short fibers 
°i* e h ° l6 f and f jet ° 0ZZ ' es iD three diffi5rent die bod ies This general method of using modular dies to create a 
HGS.3* ,36 and3ceachwith3rows21,22,23of die holes 55 multiplicity of convergent-divergent nozzles can also be 
and air jets ,n the machine direction of the die. The result is used to create a supersonic flow within a conventional slot 
a matnx of air nozzles and melt orifices where their scpa- draw system as currently used in spunbond bv using an 
ration and orientation is a function of the plate and slot arrangement wherein the converging-divenrint: nozzles are 
design and pnmary and secondary plate(s) thickness. FIG. parallel to the die hole axis rather than inclinei I as shown in 
3a shows a system wherein the die holes 20 and the airjets 60 FIG. 4. An alternative to the two air nozzles per die hole 
17 are located in the primary plate 24 with the secondary ammgement is to use the nozzle arrangement of FIG 36 
plate 25 containing only the polymer and air passages. In wherein the primary and secondary plates all contain 
this embodiment each die hole along the width of the die converging-diverging nozzles resulting in a continuous slot 
assembly has eight air jets immediately adjacent to it. Two converging-diverging nozzle 

jets in each primary plate impinge directly upon the fiber 65 In the typical meltblown application the extrusion ores- 

fiber D w h C H W , A 6 °' ber S ' X ^ " draWing ' he SUrC * b6,Ween 400 and lOOO^unds per squa reTch tSL 
fiber with an adjacent flow. pressure causes , he , 0 expand when leaving the dt 
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hole because of the recoverable elastic shear strain peculiar 
to viscoelastic fluids. The higher the pressure, the greater the 
die swell phenomena. Consequently at high pressures the 
starting diameter of the extrudate is up to 25% larger than the 
die hole diameter making fiber diameter reduction more 
difficult. In the instant embodiment the melt pressure typi- 5 
cally ranges from 20 to 200 psig. The specific pressure 
depends on the desired properties of the resultant web. 
Lower pressures result in less die swell which assists in 
further reduction of finished fiber diameters. 

The attenuated fibers are collected on a collection device 10 
consisting of a porous cylinder or a continuous screen. The 
surface speed of the collector device is variable so that the 
basis weight of the product web can increased or decreased. 
It is desirable to provide a negative pressure region on the 
down stream side of the cylinder or screen in order to 
dissipate the blowing air and prevent cross currents and 15 
turbulence. 

The modular design permits the incorporation of a quench 
air flow at the die in a case where surface hardening of the 
fiber is desirable. In some applications there may be a need 
for a quench air flow on the fibers collected on the collector 20 
screen. 
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any other method known in the art. The laminate may also 
be made in-situ wherein a spunbond web is applied to one 
or both sides of the fabric of this invention and the layers arc 
bonded by point bonding using a thermal calender or any 
other method known in the art. 



EXAMPLES 

Several self bonded nonwoven webs were made from a 
meltblowing grade of Philips, 35 melt flow polypropylene 
resin using a modular die containing a single row of die 
holes. The length of a side of the square spinneret holes was 
0.015 inches and the flow per hole varied from 0.05 to 0.1 
grams/hole/minute at 150 psig. Air pressure of the healed air 
flow was varied from 4 tolO psig. Fiber diameter, web 
strength and hydrostatic head (inches of water head) were 
measured. The fibers were collected on a collector cylinder 
capable of variable surface speed. 



TABLE 1 

Trial Run Air Pressure Flow Rate Basis Wt Microns H20 head Break Load 



0.05 


10.3 


2.7 


20 


241 


0.10 


17.8 


2.9 


>30 


456 


0.05 


11.7 


2.2 


>30 


299 


0.10 


16.5 


2.7 


>30 


423 


0.05 


12.1 


1.9 


>30 


270 



Ideally the distance from the die hole outlet to the surface 
of the collector should be easily varied. In practice the 
distance generally ranges from 3 to 36 inches. The exact 
dimension depends on the melt temperature, die pressure, air 
pressure and air temperature as well as the preferred char- 
acteristics of the resultant fibers and web. 

The resultant fibrous web may exhibit considerable self 
bonding. This is dependent on the specific forming condi- 
tions. If additional bonding is required the web may be 
bonded using a heated calender with smooth calender rolls 
or point bonding. 

The method of the invention may also be used to form an 
insulating material by varying the distance of the collector 



The results shown in Table 1 show that the method of the 
invention unexpectedly produced a novel web state with 
significant self bonding with surprising strength in the 
unbonded and with excellent liquid barrier properties. 

In another example several self bonded nonwoven webs 
of were made from a meltblowing grade of Philips polypro- 
pylene resin using a die with three rows of die holes across 
the width of the die. The length of a side of the square 
spinneret holes was 0.015 inches and the flow per hole 
varied from 0.05 to 0.1 grams/hole/minute at 150 psig. Air 
pressure of the heated air flow was varied from 4 to 10 psig. 
The fibers were collected on a collector cylinder capable of 
variable surface speed. Fiber diameter, web strength and 
hydrostatic head (inches of water head) were measured. 



45 



TABLE 2 



Trial Run 


Air Pressure 


Flow Rate 


Basis Wt 


Microns 


H20 head 


Break Load 


6 


5 


0.11 


34.6 


2.9 


>45 


847 


7 


4.5 


0.10 


25.4 


3.0 


>45 


671 


S 


6 


0.10 


30 


2.5 


>45 


815 



means from the die resulting in a low density web of 
self-bonded fibers with excellent resiliency after compres- 
sion. 

The fabric of this invention may be used in a single layer 60 
embodiment or as a multi-layer laminate wherein the layers 
are composed of any combination of the products of the 
instant invention plus films, woven fabrics, metallic foils, 
unbonded webs, cellulose fibers, paper webs both bonded 
and debonded, various other nonwovens and similar planar 65 
webs suitable for laminating. Laminates may be formed by 
hot melt bonding, needle punching, thermal calendering and 



The results shown in Table 2 unexpectedly show that the 
method of the invention produced a novel web with surpris- 
ing strength in the unbonded state and with excellent liquid 
barrier properties. 

In still another example self bonded nonwoven webs were 
made from a meltblowing grade of Philips polypropylene 
resin in a modular die containing a single row of die holes. 
In this case the drawing air was provided from four 
converging-diverging supersonic nozzles per die hole. The 
converging-diverging supersonic nozzles were placed such 
that their axes were parallel to the axis of the die hole. The 



6,114,017 



angle of convergence was 7° and the angle of divergence 
was 7°. 'i*he length of a side of the square spinneret holes 
was 0.025 inches and the polymer flow per hole was 0.2 
grams/hole/minute at 250 psig. Air pressure was 15 psig. 
The fibers were collected on a collector cylinder capable of 5 
variable surface speed. A quench air stream was directed on 
to the collector. Fiber diameter and web strength were 
measured. 

TABLE 3 io 

Trial Run Ait Pressure How Rate Basis Wt Microns Break Load 



10 



15 



0.25 



15 3 



12.1 



548 



The results shown in table 3 demonstrate that the method 
of the invention produced a novel web with surprising 
strength in the unbonded state and continuous fibers and a 
web appearance similar to spunbond material. Microscopic 
examination of the resultant webs showed excellent 
uniformity, no shot and no evidence of twinned fibers or 
fiber bundles and clumps due to turbulence. 

In yet another example self bonded nonwoven webs were 
made from a mcltblowing grade of Philips polypropylene 
resin in a modular die containing a single row of die holes. 
In this case the drawing air was provided from four 
convergingKliverging supersonic nozzles per die hole. The 
converging-diverging supersonic nozzles were inclined at a 
60° angle to the axis of the die hole. The length of a side of 
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melting a polymer by polymer heating and extrusion 
means; 

extruding said polymer at flow rates of less than I gram 
per minute per hole through the polymer orifices of one 
or more modular dies, each of said dies consisting of 
two or more spaced apart cross directional rows of 
polymer orifices, wherein the diameters of said poly- 
mer orifices of each individual row are constant diam- 
eter and wherein each successive row of said polymer 
orifices has a smaller diameter, said die being heated by 
a heating means; and 
blowing said polymer extrudate, using heated air of at 
least 200° F. or more, from 2 or more air jets per 
polymer orifice, wherein said air jets may have a 
constant or a variable cross-section, to produce essen- 
tially continuous polymer filaments wherein said con- 
tinuous polymer filaments from each row on the die 
have different and increasingly smaller diameters than 
the preceding rows, and depositing said fiberized poly- 
mer on a collecting means to form a self bonded web 
consisting of as many layers of disbursed continuous 
polymer filaments as the number of rows in the die 
wherein each layer consists of filaments having a 
different and smaller diameter resulting in a filament 
size gradient through its depth. 
2. The method of claim 1 wherein two or more polymer 
manifolds are used to supply different polymers to each of 
said polymer orifice rows. 



the square spinneret holes was 0.015 inches and the flow per 30 3 ' T^ e metnod ot * cIaim 1 wherein said fibers range from 
hnip \i/3c n 11 rrr* m o/»,^io *~ nc . ^ a i 0.1 microns to 5 microns. 



hole was 0.11 grams/hole/minute at 125 psig. Air pressure of 
the air flow was 15 psig. The fibers were collected on a 
collector cylinder capable of variable surface speed. Fiber 
diameter and web strength were measured. These results are 
shown in Table 4. 



TABLE 4 


Trial Run 


Air Pressure 


Flow Rate Basis Wt 


Microns 


Break Load 


10 


15 


0.11 25.3 


0.5 


622 



The results show that the method of the invention pro- 
duced a novel web with surprisingly small diameter libers, 
adequate strength in the unbonded state and a mix of 
continuous and discontinuous fibers. Microscopic examina- 
tion of the resultant webs showed excellent uniformity and 
no evidence of twinned fibers or fiber bundles and clumps 
due to turbulence. 

While the invention has been illustrated and described as 
embodied in an extrusion apparatus with modular die units 
which produces a unique web with properties of spunbond 
and meltblown, it is not intended to be limited to the details 
shown, since it will be understood that various omissions, 
modifications, substitutions and changes in the forms and 
details of the devices illustrated and in their operation can be 
made by those skilled in the art without departing in any way 
from the spirit of the present invention. 

Without further analysis, the foregoing will so fully reveal 
the essence of the present invention that others can, by 
applying current knowledge, readily adapt it for various 
applications without omitting features that, from the stand- 
point of prior art, fairly constitute essential characteristics of 
the generic or specific aspects of this invention. 
We claim: 

1. A method for manufacturing a nonwoven web which 
comprises: 
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4. The nonwoven web produced according to the method 
of claim 1 where the web is thermally bonded. 

5. The method of claim 1, wherein said variable cross 
section air jet is a converging-diverging nozzle. 

6. The method of claim 5 wherein the converging portion 
of said converging-diverging nozzle converges at an angle of 
no less than 2 degrees and no more than 18 degrees from the 
centerline of said nozzle; and the diverging portion of said 
nozzle diverges at an angle of no less than 3 degrees and no 
more than 18 degrees from the centerline of said nozzle. 

7. The nonwoven fabric of claim 1 wherein said polymer 
is selected from the group consisting of olefins and their 
copolymers, styrenics and their copolymers, polyamidcs, 
polyesters and their copolymers, halogenated polymers, and 
thermoelastic polymers and their copolymers. 

8. The nonwoven fabric produced according to the 
method of claim 1 where the web is a filtration material 
wherein the fibers of said web produced from each row of 
polymer orifices, which have progressively smaller 
diameters, are progressively smaller and range from 20 to 
0.1 microns. 

9. A method for manufacturing a nonwoven web which 
comprises: 

melting a polymer by polymer heating and extrusion 
means; 

extruding said polymer at flow rates of less than 1 gram 
per minu te per hole through the polymer orifices of one 
or more modular dies, each of said dies consisting of 
two or more spaced apart cross directional rows of 
polymer orifices, wherein the diameters of said poly- 
mer orifices of each individual row are an equal and 
constant diameter and all rows have the same diameter 
polymer orifices, said die being heated by a heating 
means; and 

blowing said polymer extrudate, using heated air of at 
least 200° F or more, from 2 or more air jets per 
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polymer orifice, wherein said air jets may have a 
constant or a variable cross-section, to produce essen- 
tially continuous polymer filaments wherein said con- 
tinuous polymer filaments from each row on the die are 
deposited on a collecting means to form a multi-layered 
_ self bonded web consisting of as many layers of 
disbursed continuous polymer filaments as the number 
of rows in the die. 

10. The method of claim 9 wherein said variable cross 
section air jet is a converging-diverging nozzle. 

11. The method of claim 10 wherein the converging 
portion of said converging -diverging nozzle converges at an 
angle of no less than 2 degrees from the centerline of said 
nozzle and no more than 18 degrees; and the diverging 
portion of said nozzle diverges at an angle of no less than 3 
degrees and no more than 18 degrees from the centerline of 
said nozzle. 

12. A low density insulation web produced according to 
the method of claim 9. 

13. The nonwoven web produced according to the method 
of claim 9 wherein a layer of spunbond material is deposited 
on one or both sides of said web and the resultant laminate 
is bonded using a thermal calender. 

14. The nonwoven web produced according to the method 
of claim 9 wherein said fibers range from 0.1 microns to 10 
microns. 

15. A method for manufacturing a nonwoven web which 
comprises: 

melting a polymer by polymer healing and extrusion 
means; 

extruding said polymer into filaments at flow rates of less 
than 1 gram per minute per hole through the polymer 
orifices of a one or more modular dies, each of said dies 
consisting of two or more spaced apart cross directional 
rows of polymer orifices, wherein the diameters of said 
polymer orifices of each individual row are an equal 
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and constant diameter and all rows have the same 
diameter polymer orifices, said die being heated by a 
heating means; and 
blowing said polymer extrudate, using tempered air 
between 50° F. and 700° F. or more, from two or more 
two or more continuous converging-diverging nozzle 
slots, said nozzle slots being placed adjacent and essen- 
tially parallel to said polymer orifice exits wherein said 
continuous converging-diverging nozzle slots Ibrm a 
high speed air curtain on either side of, and essentially 
parallel to, the polymer extrudate, whereby said high 
speed air curtain attenuates said filaments and said 
continuous polymer filaments from each row on said 
die are deposited on a collecting means to form a 
multi-layered self bonded web consisting of as many 
layers of disbursed continuous polymer filaments as the 
number of said rows of polymer orifices in said die. 

16. The method of claim 15 wherein said high speed air 
curtains may be separated from said high speed air curtains 
of any adjacent polymer orifice rows by plates positioned 
perpendicular to the surface of said modular die and parallel 
to said polymer orifice rows wherein said plates form a 
discrete channel for the drawing of said extrudate. 

17. The nonwoven web produced according to the method 
of claim 15 where the web is thermally bonded. 

18. The method of claim 15 wherein said high speed air 
curtain attenuates the continuous polymer filaments for the 
drawing of said extrudate. 

19. The method of claim 15 wherein the converging 
portion of said converging-diverging nozzle converges at an 
angle of no less than 2 degrees from the centerline of said 
nozzle and no more than 18 degrees; and the diverging 
portion of said nozzle diverges at an angle of no less than 3 
degrees and no more than 18 degrees from the centerline of 
said nozzle. 
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[57] ABSTRACT 

The present invention relates to a die body consisting of a 
multiplicity of modular die plates, which are easily and 
rapidly interchangeable. The modular die plates can be 
configured to extrude different shapes and types of fibers. 
The apparatus may also be configured to extrude multiple 
types of materials each from a plurality of separate ports or 
from a plurality of common ports. The apparatus may also 
be designed to include single or multiple ports to direct air 
or other fluids to draw or attenuate the extrudate into fibers 
of a desired diameter. The extrudate may be treated with the 
air or various other gases or fluids within the die or exterior 
to the die tips. 

9 Claims, 3 Drawing Sheets 
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DISPOSABLE EXTRUSION APPARATUS The purpose of this fiber making die is to form continuous 

WITH PRESSURE BALANCING MODULAR or discontinuous extruded fibers from any molten extrudable 

DIE UNITS FOR THE PRODUCTION OF material. The apparatus is capable of forming fibers in a 

NONWOVEN WEBS broad range of cross sections, such as from 2 to 100 microns, 

BACKGROrrND OF thf TTWTTwr hm 5 * ****** P roccss variables ****** *>ut «>t restricted! 

15 ALKOROUND OF THE INVENTION to temperature, pressure and air velocity. 

h Field of the Invention DESCRIPTION OF THE INVENTION 
The present invention relates to molten thermoplastic 

resin extrusion and particularly to an extrusion apparatus ^ c present invention is a novel method for manufactur- 

assembled from modular die units. * 10 in 8 inexpensive modular extrusion dies for the extrusion of 

2. Description of the Prior Art molten thermoplastic resins in sheets and fibers. It may also 

T Al _ oe used for melt blown and spun bond applications. The 

In the <?^™ Prros a molten thermoplastic polymeric essence of the invention is the formation of modular die 

resin is directed through an extrusion die to form a fiber units using specially shaped plates which are combined in a 

extrusion. Such fiber substrates may be oval, elliptical, 15 repeating series to create a die which can be manufactured 

J^Sr* Ioba f c 1 f nd mc ^ m cross- in any length and width required without complicated and 

section. The fiber extruded is typically continuous in length expensive niachining requirements. The designof each plate 

and of a constant cross section. permits the inclusion of one or more die orifices for extrud- 

An extrusion die is typically made from a block of steel ing polymer and one or more orifices or nozzles for directing 

in which the various channels and die tips required for 20 the flow ofthedrawing fluid. These modular die units can be 

directing the flow of the molten polymer are machined or easily removed for purposes of replacement, cleaning or to 

drilled. In order to reduce the degree of metal working insert a different shape die unit to produce another fiber 

needed, in many cases other machined blocks of steel are configuration or fiber size. 

conjoined to the basic die body to carry the thermoplastic or The dimensions of the die tibs or holes and air jets are 
other fluids required by the particular extrusion process. As 25 conned by varying the thicknesses of the primary and 

extrusion dies grow larger and more complicated because of secondary plates that comprise the modular die units within 

die use of multiple thermoplastic melts and drawing fluids, the apparatus to produce different fiber sizes within the same 

fte convexity of machining increases geometrically as do die housing configuration. For example: assuming there are 

the costs for manufacturing the die. more than one row of die holes, the first row can have an 
An additional factor that adds to the cost of using extru- 30 opening equal to "X"; the second row equal to **Y**; etc. 

sion dies is the requirement that they be frequently cleaned Similarly, varying modular die unit configurations can make 

of the residual deposits of carbonaceous matter mat is different fiber sizes within the same operational manufac- 

created by the oxidation of the thermoplastics due to high taring process. 

temperature. This requires that additional dies be available The primary and secondary modular die plates can be 

for spares. Also dies have a limited life because of the easily installed into the die housing by alternating them in 

erosion of the die tip tolerances due to the high ternperatures the required order and fixing them in place The modular die 

and the wear of the fluids flowing through the dies under plates can be clamped, bolted, brazed, riveted or welded and 

high pressures. set into the die housing or the die segments can be loaded in 
Numerous innovations of the extrusion die apparatus are ^ » dfe housing for easy insertion and removal. The die 

described in the prior art for die design and construction. housing construction can be mounted in a "fixed** or "spin- 

These innovations generally address specific individual pur- ning" structure. 

poses that are narrow in scope and application. The invention permits the openings in the modular die 

Summary of tot Twvf7\mnM assembly to be arranged in closer proximity than in con- 
SUMMARY OF THE INVENTION ^ ventional construction of monolithic fiber extrusion dies. 

Accordingly, it is an object of the present invention to Consequently, this invention is capable of producing more 

provide a modular extrusion die apparatus whereby specially fibers of varying shapes in a smaller area than current state 

shaped plates are confined in a repeating series to create a of the art techniques. The segment cross sections, which 

sequence of easily and economically manufactured modular produce the fibers, can vary in unlimited configurations and 
die units which are contained in a die housing which is a 50 sha P es - 

frame or holding device that contains the modular structure This modular die construction is much less expensive to 

and accommodates the design of the extrusion apparatus. manufacture than conventional construction of monolithic 

The cost of a die produced from the present invention is less fiber extrusion dies. Conventional or laser drilling, electron 

than 2 0% the cost of an equivalent die produced by discharge machining are not necessary for making very 
traditional machining of a monolithic block. In addition, 55 small die holes. 

these modular die units can be easily removed for purposes The molten thermoplastic resin material enters the inlet 

of replacement cleaning, or inserting a different shape die port under the required pressure and temperature to move 

unit to produce another fiber configuration or fiber size. the material at the velocity necessary to force it through the 

The die housing construction can be mounted in a "fixed** cavities or channels formed by the juxtaposition of the 

or "spinning" structure to produce fibers. The modular die 60 modular die plates. An extruded fiber is formed as the 

units can be damped tight into die housing or another material is forced under pressure through the modular die 

holding device or structure for easy insertion and removal units and into the die holes or capillaries. When the fiber 

The die housing may contain heating elements and tempera- exits the die hole, a high velocity air stream forces the fiber 

ture sensing elements, such as thermocouple for purposes of to attenuate and form a fiber with the desired characteristics, 

heating and controlling temperatures of both the molten 65 The die insert can be designed to have one or more air 

thermoplastic resin and housing. The heating elements may chambers separating the die segments, thereby permitting 

be contained within the modular plates. • the use of two or more different molten thermoplastic resins 
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of similar melt temperatures, which can be fiberized tional objects and advantages thereof, will be best under- 

togetoer. The fibers thus created are entangled and arc stood from the following description of the specific 

bondcd embodiments when read in connection with the accompa- 

Molten thermoplastic resins, either of like or of different oyiag drawings, 

polymeric character, can enter two or more cavities sepa- 5 

rately from each other and can thus can be extruded sepa- BR1EF DESCRIPTION OF THE DRAWINGS 

seotenS l^^L^Z\!Z * 7^ fcatures > « well as others, shall become readily 
sequence, molten thermoplastic resin A will run for one m ^ „ . . * . *w~ujr 

time, then shut off, and ton molten thermoplastic res* T*? dcscr ^ on m con J unc - 

runs for another time period, which in turnouts c^These 10 ™* * C Swings in which: 

cycles can vary in time or in combination with each other perspective view illustrating the embodiment 

For example, separate molten thermoplastic resins combine °5 a . sim ? lc primaiy and sccondarv P 1 ^ modular die, 

with each other, with one shutting off before the other. The ShoWmg Mrail « <ancat of * c P^es and the flow of the 

variations are limitless, particularly in the manufacturing of m mcrmo 0 astlcresiB u«o and through the modular die 

filters, when fine fibers could be 'laid down" first with a " mto a 

coarse fiber mixed in together, and finished off with a coarse ^ * s a pcrsp^vc view illustrating the embodiment 

fiber at the end of the cycle. °f a simple primary and secondary plate modular die. 

The present invention includes an additional method of snowin S arrangement of the plates and the flow of the 
maJdng a die tip by designing the secondary plate so that it * n *ajnoplastic resin into and through the modular die 
can be used as a primary plate by reversing alternate 20 mto md ^ k ^ 

secondary plates, thus creating individual passageways. FTG - 3 is a perspective view illustrating the embodiment 
Also utilizing the same concept, and by specific design, of a sim ^ c primary and secondary plate modular die. 
many more passageways can be made. In this method, which showing the arrangement of the plates where there is both a 
eliminates the primary plate, the material to be produced molten thermoplastic resin flow and an air flow through the 
flows through the top and inner chamber of the segment 25 modular <ne into a single die tip. 

Accordingly, it is an object of the present invention to 4 is . a sectional view illustrating the embodiment of 

provide a modular die body extrusion apparatus. More a SUB P lc primary and secondary plate modular die, showing 
particularly, it is an object of the present invention to provide mc nrrangement of the plates where there is both a molten 
a modular die extrusion apparatus in which the dies are thermoplastic resin flow and an air flow through the modular 
easily removable and interchangeable. Additionally it is an 30 into multiple die tips; and 

object of the present invention to give a cost effective FKj. 5 is a sectional view showing the embodiment of a 
method for incorporating air nozzles for attenuating fibers as simple primary and secondary plate modular die illustrating 
an integral part of the modular die unit the arrangement of the plates where the primary plate is 

In keeping with these objects, and with others which will 35 alternately reversed to act as a secondary plate. 

become apparent hereinafter, one feature of the present _ T ~— _ _ nmrnmr ^, „ 

invention resides, briefly stated, in the invention's ability to 0F REFERENCE NUMERALS UTILIZED 

utilize both hot and cold extrudable materials. IN THE DRAWINGS 

In accordance with another feature of the present 1 — molten thermoplastic resin 
invention, the fibers may vary in thickness and configuration 40 ^ — ^°t 
depending upon the modular die units used in the extrusion 3 — secondary die plate 
die. 4 — primary die plate 

Another feature of the present invention is that the modu- ^ orifice 
lar die units may be mixed within one die housing, thus *—kterai cavity 

forming multiple, different types of fibers simultaneously 45 7— fibrous form of molten thermoplastic resin 
upon extrusion. 8 — primary die plate of second embodiment 

Yet another feature of the present invention is that ^^^^J^ Cmb °^ nt 

multiple, extrudable materials may be utilized simulta- J<M«raUel lateral cavities 

neously within the same extrusion die. 11-pnmary die plate of third cmbodunent 

o*i« ^. ^ 30 12 — secondary die plate of third embodiment 

Still another feature of the present invention is that since 13— air or fluid 

multiple, extrudable. molten, tJiennoplastic resins and mul- 14-H*parate or isolated channels 

uple extrusion die configurations may be used within one 15— slots 

extrusion die housing, it is possible to have both different 16-^xit orifices or nozzles 

material fibers and different fiber configurations extruded 17— resin channel 

from the die housing simultaneously. l«-primary die plate of fourth cmrx>diment 

Still yet another feature of the present invention is that the 19^-secondary die plate of fourth embodiment 
modular extrusion die may be free-spinning in order that the 

fibers intertwine after extrusion to form a fibrous mat More DETAILED DESCRIPTION OF THE 

particularly, the present invention relates to an extrusion ^ PREFERRED EMBODIMENT 

The novel features, which are considered characteristic first embodiment 3 in a continuing sequence. A fiber- 
f or the invention, are set forth in particular in the appended <ss forming, molten, thermoplastic resin 1 is forced under 
dmms. The invention itself, however, both as to its con- extruder pressure into the slot 2 formed by primary die plate 
sanction and its method of operation, together with addi- of first embodiment 4 and secondary die plate of first 
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embodiment 3. The molten thermoplastic resin 1. still under die plate of fourth embodiment 18 and secondary die plate 

£^Vl^°5«* to 1 fP read amfonmy aaoss the lateral of fourth embodiment 19. The molten, thermoplastic resin is 

cavity (formed by the alternate juxtaposition of primary die then free to spread uniformly across the lateral cavities 10 

£££££ 4aBd Se °° ndary ^ iepla !f formed by the'atonate juxteposition of prSry ZSSL of 

embodiment 3 is a continuine sequence. The molten ther- < ^ A - 0 J 7^ 7^ ^ 

monastic resml^^ 5 i^^n ^ .^ondary die plate of fourth 
thennopUstic resin 7 through the orifice 5 formed by the emb ^ nt » « a continuing sequence. The molten ther- 
juxta^on of the prirrtary *e plate of fttf^fi^ ^lasUc resin 1 is then extruded in a fibrous form 7 through 
on either side of the slot 2 in lower surface of secondary . malt f} e f™ 0 ^ 5 foimcd b y juxtaposition of the 
plate 3. The size of the orifice 5 that is formed is a function ^V - ** ° f foUrtfa cmbodiment 18 011 «th<* *de of 
of the width of the slot 2 and the thickness of the secondary 10 * * m surface of seca ^y die Plate of fourth 
die plate of first embodiment 3. A series of secondary die f mb « umcnt » To accommodate the passage of the draw- 
plates of first embodiment 3, each with a slightly different mg (attenuaUn S) an* or fluid 13, one or more separate and 
slot 2 shape, can also be used for a single orifice, resulting T l *? t da T tls 14 7** dots 15 411(1 cxit 16 m 
in an orifice 5 cross section which can be square, rectangular 2 aoed kterally to resin channel 17 m citber the primary 
elliptical, round or multilobal ' 15 die p ] a te of fourth embodiment 18 or secondary die plate of 

An alternative emixxiiment is shown in FIG. 2 wherein em *^ nt }*> * ^ * e die plate of 

the modular die plate assembly is formed by *e aSte *^ ad ^F* 18 ^ SCCOod ^ of fourth 

juxtaposition of primary die plate 8 aixi secondary die plate em ^ <hDuiat l9 - 

9 in a continuing sequence. A fibex-forming, molten ther- - rcsult 13 a ^ ^ nozzles and melt orifices 

mopiastic resin 1 is forced under extruder pressure into the whcrc mdr separation is a function of the slot design and 

slot 2 formed by primary die plates of second embodiment secondary plate(s) thickness. The invention presents the 

8 and secondary die plate of second emrxxiiment 9. In this ab5] ! ty to extcnd me and 111611 nozzle malri * a virtually 

alternative emrxxiiment the secondary die plate of second unUmited distance in the lateral and axial directions, 
embodiment 9 is designed to contain two or more slots 2 ^ An alternative embodiment is shown in FIG. 5 wherein a 

communicating with the lower edge. These multiple slots 2 single primary die plate is designed to serve as both the 

form a scries of parallel lateral cavities 10 by the alternate primary and secondary die plate by alternately reversing the 

juxtaposition of primary die plate of second emrxxiiment 8 primary plate to act as a secondary plate, 

and secondary die plate of second embodiment 9 in a It will be understood that each of the elements described 
continuing sequence. The moiten thermoplastic resin is then ^ above, or two or more together, may also find a useful 

free to spread uniformly through the multiple cavities 6 and application in other types of constructions differing from the 

is then extruded in a fibrous form 7 through the multiple type described above: 

orifices _5 : formed by me juxtaposition of the primary die while the invention has been illustrated and described as 

fS f w • «■ side of the embodied in an extrusion apparatus with modular die un£ 

35 itlSW * mt6n<kd * * ******** shown. sin^ 
will be understood that various omissions, modifications, 

Keremng to FIG. 3 of the drawings, a modular die plate substitutions and changes in the forms and details of the 

assembly is formed by the alternate juxtaposition of the device illustrated and in its operation can be made by those 

rximary die plate of third embodiment 11 and the secondary staled in the art without departing in any way from the spirit 
die plate of third emrxxiiment 12 in a continuing sequence. 40 of the present invention. 

plate or third embodiment 11 and secondary die plate of third flnn i, n ' n „ « m „* v-™i~i j x ^ . y 
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plate of third eriirxxliment 12 in a contmuing sequence The T claimed as new and desired to be protected by 
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plate of third embodiment 11 or secondary die plate of third meters; 

embodiment 12, or both the rximary die plate of third (c) each of said primary and secondary die plates having 

cmbodirncnt 11 and secondary die plate of third embodiment 60 a central opening there through, the central openings in 

said die plates conmiunicating with each other to form 

Referring to FIG. 4 a modular die plate assembly is a single continuous pressure equalization chamber 

formed by the alternate juxtaposition of the rximary die plate within said die body extending through a central region 

of fourth emrx>dirnent 18 and the secondary die plate of of said die body; 

fourth embodiment 19 in a continuing sequence. A fiber- 65 (d) the top edge of each said rximary die plate having an 

forming, molten thermoplasUc resin 1 is forced under " opening to receive molten polymeric rediu said open- 

extruder pressure into two or more slots 2 formed by primary ing communicating with said clumber permitting said 
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ABSTRACT 

Three dimensional (3D) fiberweb structures are useful in many applications. The Robotic Fiber Assembly and 
Control System (RFACS) being developed in this research allows precise control of fiber meltblown fiber 
deposition on a 3D mold surface. The effect of various process parameters on a number of polypropylene (PP) 
web characteristics is reported. Under the experimental range studied, the fiber orientation distribution was 
significantly impacted by the process parameters. The fiber diameter distributions indicate that they are unique 
to a particular process condition. The distributions do not overlap when a parameter is evaluated. In keeping 
with the long-term objective of developing chemical/biological bairier fabrics using RFACS technology, the 
pore distribution of the fiberwebs was characterized. Under the conditions explored, the average pore size of 
the analyzing web has decreased by 60% when the attenuating air pressure was increased from 0. 7 bar to 2.8 
bar. The pore size was decreased by 33% when the take up speed of the web was increased from 20 ft/mm to 50 
ft/min. 



1. INTRODUCTION 

Nonvvoven webs can be produced as sheet 
structures by using meltblown technology [23]. 
In meltblowing, molten polymer is extruded 
through a series of orifices in a knife-edge die. 
The die is jacketed on both sides by high 
velocity laminar sheets of air. The polymer 
streams from the orifices are elongated by the 
air-drag to form fibers, which are collected on a 
drum or other suitable collecting surface. Fiber 
diameters can range from 500 microns to as 
small as 0.1 microns Qlin). The extreme 
entanglement of fibers, characterizing meltblown 
fibrous webs, produces coherency and strength. 
The density of the web is such that it has the 
property to contain and retain particulate matter 
[12], thus qualifying such structures for filtration 
applications. The entanglement of these long 
fibers makes it impossible to remove one fiber 
from the web or to trace one fiber from 
beginning to end [7]. Meltblown webs are 
lightweight with a high surface area. They 
display a high insulating value and excellent 
filter characteristics [3, 17]. Meltblown 
technology can be used to produce efficient filter 



materials, filtering particles that are bigger than 
0.5 Jim [24]. 

The long term objective of this research is to 
develop technology to produce shaped protective 
garments, substantially to its final shape and 
using minimal seaming or joining. The latter 
usually constitute the "weak-link" in a protective 
system. The integration of meltblowing 
technology and robotics can achieve the proper 
formation of molded or shaped seamless 
structure that may be incorporated in a protective 
clothing system. In integrating the two 
technologies the fiber web collector is usually a 
mold object structure. The mold can be 
manipulated to rotate continuously so as to form 
the molded fabric. The size of the die width 
should be smaller than the size of the mold to 
have a good control over the deposition of the 
fibers on the mold. 

The usefulness of molded fabrics so obtained 
depends on the performance characteristics of 
the web structures. The desired performance 
characteristics, globally and locally, can be 
enumerated as strength, abrasion resistance, tear 
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resistance, burst strength, elastic recovery, 
air/moisture permeability, moisture/fluid 
absorption (rate and capacity) , filtration 
characteristics, etc. Each of these characteristics 
is influenced by fiber diameter and its 
distribution, pore size and its distribution, fiber 
orientation, web consolidation (thickness, 
bonding), web basis -weight (local), 
fiber/polymer properties, etc. 

The web structure defined by fiber Orientation 
Distribution Function (ODF) governs the 
anisotropy of mechanical (strength, tear 
resistance, bending rigidity, etc.) and physical 
(wicking/absorption, pore shapes, pore size 
distribution, etc.) properties [9-11, 13-15]. ODF 
data for meltblown webs has not been available 
in the literature previously, while some 
published ODF results for spunbonded fabrics 
are generally similar to those found for 
meltblown webs in this study. 

Although meltblowing process produces finer 
fibers relative to conventional fiber spinning 
processes, the distributions of fiber diameter are 
usually quite broad. Because lower mean values 
and narrower distributions lead to smaller pore 
sizes (lower mean and narrow distributions) and 
higher specific surface, the control of fiber 
diameter distribution is considered highly 
desirable [18], for a number of important 
applications. The pore size and its distribution in 
a fabric structure are of prime importance in 
determining the transport properties of the fabric. 
The filtration efficiency, and hence the level of 
protection, is directly related to the pore size 
distribution. Image Analysis techniques have 
been developed to measure the pore size, shape, 
and orientation of the pores [23, 26]. Most of the 
methods developed at the Textile Research 
Institute (TRI) use fluid intrusion or extrusion on 
a sample to determine the average pore size and 
its distribution. 

2. ROBOTIC FIBER ASSEMBLY AND 
CONTROL SYSTEM 

To produce the seamless 3D garments a Robotic 
Fiber Assembly and Control System (RF ACS) 
has been set up. The RFACS consists of a model 
meltblown machine and a commercial six-axis 
robot that is capable of manipulating the 
meltblown die in the range of positions and 
orientations required for use with the complex 
3D shape molds. Accurate robot positioning is 
required to keep the distance between the die and 
the mold at will while maintaining appropriate 



orientations with the mold. In addition, to 
achieve the required level of mold control 
needed for this process, an external seventh axis 
has been added. The RFACS setup is shown in 
Figure 1. 




Figure 1 . Robotic Fiber Assembly and 
Control System (RFACS) 

1 . Melt-Blowing Die Housed in a Cage. 

2. Polymer and Air Flexible Supply Hoses. 

3. Melt-Blowing Extruder Unit. 4. Collector. 



The shaped nonwoven structures are produced 
by depositing meltblown fibers on a collapsible 
mold that is placed on the seventh axis of the 
robot. To develop the contour-following 
algorithms for mold shapes point coordinates on 
the mold shape were determined at regular 
rotational increments. To find these points in 3D- 
space for the 2D model, a pointer has been 
constructed such that the pointer tip assumes the 
virtual position of the right most orifice in the 
meltblowing die body. For the 3D model, a 
pointer mirroring the position of the polymer 
orifices has been constructed. The pointer uses to 
mark points on a mold relative to the world 
coordinate system. This procedure has been 
adopted as the means of developing the position 
and speed of the meltblowing die to the rotation 
of the mold body. 

3. EFFECT OF PROCESS PARAMETERS 
ON WEB CHARACTERISTICS 

The research documented in this paper deals with 
mold structures being coated with a meltblown 
web, hence, experiments were conducted to 
develop appropriate control algorithms. These 
algorithms would control the RFACS in a way to 
precisely control fiber dispensation on to the 
mold surface. The objective of the control 
algorithms is not necessarily to control 
uniformity of web characteristics, but to control 
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these locally. The web characteristics of interest 
in the context of the present research are (1) 
Basis weight, (2) Fiber orientation distribution, 
(3) Fiber diameter distribution, and (4) Pore size 
distribution. These characteristics determine the 
local physical, mechanical and fluid flow 
behavior of the web. The relevant process 
parameters are: 

• Polymer throughput 

• Die / Melt / Attenuating air temperature 

• Attenuating air pressure, 

• Fiber stream approach angle, 

• Take-up speed, and 

• Relative orientation and movement of 
die 

In the following, the parametric studies are 
reported and categorized according to their 
influence on a specific web characteristics. 

Basis Weight 

The basis weight (g/m 2 ) of the PP fabric was 
evaluated by measuring the weight of known 
area of fabric samples at regular intervals, along 
the surface of the mold. The variation in 
measured basis weight is expressed as percent 
coefficient of variation (%CV). Initial 
experiments were conducted such that the die 
was moving up and down the mold, while the 
mold was rotating on the 7 th axis at a uniform 
speed (2D no correction Model). The 2D model 
was modified to correct for variations in the die 
to collector distance (DCD correction) and the 
linear speeds of the mold on the 7 th axis (linear 
rotational speed correction model). 




0 4- r— — , r- . 1 r~ , i , r" 

1 3 5 7 9 11 13 15 17 19 21 23 
15 degree interval 

—□-no correction - CV: 23% 
—♦—DCD correction - CV: 26% 
-a- -linear rot. Spd. Correction - CV: 15% 
• - DCD and linear rot. Spd. Correction - CV: 1 6% 

Figure 2. Two-Layer Basis -Weight 
Distribution Using the 2D Model 



Figures 2 and 3 show the basis weight 
distributions using the patterns of motion 
variation for the 2D model. The differences in 
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15 degree interval 
DCD and nonlinear rot. Spd. Correction (single up) - CV: 20% 
DCD and nonlinear rot. Spd. Correction (single down) - CV; 24V 
— »— DCD and nonlinear rot. Spd. Correction (two-Jayer) - CV: 21% 

Figure 3. Single -Layer/Two-layer Basis- 
Weight Distribution using the 2D Model and 
Nonlinear Rotation Speeds 

basis weight distributions are related to the 
interaction between the geometrical features of 
the mold and the characteristics of the fiber 
flaring profile and the die orientation. CV values 
for samples formed using the no correction 
model were 8% higher than CV values for 
samples obtained using the linear correction 
model. The difficulty in achieving more uniform 
basis weight distribution is inherently related to 
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Figure 4. 3D Positioning Sequence 
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the die orientation during the production. When 
the die is not reoriented in relation to the surface 
of the mold during fiber application, overshot of 
fibers occurs. This causes loss of control for the 
deposition of fibers on the mold. 
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Figure 5. Rule-Based Control Results Using 
LVDT Feedback and 3D Triangularization 

The 3D model was developed by the 
implementation of 3D-triangulation positioning 
and feedback control of the mold positioning 
data using the LVDT. This included the control 
of the movement of the die and the rotational 
speed of the mold mounted on the 7 th axis 
(Figure 4). The position of the die is controlled 
such that the fiber streams are normal to the 
surface of the mold at the point of deposition of 
the fiber. A LVDT feed back control was used 
to control the speed of the 7 th axis, such that the 
linear speed of the mold surface was constant. 
The overall control performance improved with 
the use of the 3D model [7]. Using the rule-based 
control resulted in the lowest overall CV values 
(11%) for basis- weight uniformity as it can be 
seen from the results of Figure 5. Since previous 
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Figure 2. Fiber-Stream Approach- Angle 



experimentation had shown basis weight effects 
to be symmetric around 180 degrees, only one 
side of the mold was evaluated. 

Fiber Orientation Distribution 

The orientation distribution function (ODF) of 
the fibers was measured on samples that were 
prepared using the 90° fiber approach angle 
(Figure 6) relative to the collector drum. An 
image analysis package developed at the 
Nonwovens Cooperative Research Center was 
used to make ODF measurements on the 
samples. Influence of various process 
parameters on fiber orientation distribution is 
discussed below. 

Take-Up Speed 
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Figure 7. ODF for MB PP fabrics at different 
take-up speeds; 7 x 10~ 2 g/min/hole polymer 
throughput rate; 1 .4 bar attenuating air 
pressure; 1 4 cm DCD and 282 °C air temp. ; 
B3: 18 m/min and B4: 24 m/min. 

Figure 7 gives the ODF for fabrics formed at 
take-up speeds of 18, and 24 m/min, while other 
process parameters are held constant. Note that 
with extruder output kept constant the basis 
weight decreases with increasing take-up speed. 
The results show an increase in orientation with 
an increase in take-up speeds. 

Maximum observed fiber fraction data along the 
machine direction (MD) in Figure 8, depicts 
increases in orientation along MD with increases 
in take-up speeds for all fabric types evaluated. 
Webs do not initially exhibit significant changes 
in its ODF at take-up speeds below 18.3 m/min. 
This may be due to aerodynamic interaction with 
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Figure 8. Maximum observed fiber fraction 
along "MET for MB PP fabrics at different take- 
up speeds; 282 °C air temp.; B1-B5: 7 x 10" 2 
g/rnin/hole polymer throughput rate, 1.4 bar 
attenuating air pressure, and 14 cm DCD; Al & 
A2: 5.4 x 10" 2 g/min/hole polymer throughput 
rate, 1.4 bar attenuating air pressure, and 14 cm 
DCD; Apl 1 & Apl3: 5.4 x 10" 2 g/nnn/hole 
polymer throughput rate, 0.7 bar attenuating air- 
pressure, and 1 8 cm DCD. 

fibers. For take-up speeds above 18.3 m/min 
fabrics show higher orientation due to higher 
drum surface velocity induced fiber alignment 
along the machine direction. 

Die-to-Collector-Distance (DCD) 

Figure 9 shows the ODF for fabrics formed at 
DCD settings ranging from 14 to 31 cm. Fiber 
orientation is shown to continuously increase 
from DCD settings 31 to 14 cm. All webs 



evaluated are shown to exhibit less MD 
orientation when formed at larger DCD settings. 
With longer distances the turbulent fiber flow, 
undulating, or flapping motion of the fibers is 
known to increase [6, 16 ]. As the air velocity 
reduces at longer distances from the die, and 
loses some of its initial planar characteristics, the 
air volume disturbed and the dimensions of the 
air stream increase [18, 19]. With higher 
freedom of movement, and lower fiber velocity 
the fibers appear to take on a more random 
orientation in the air stream. This effect 
subsequently translates to reduced MD 
orientation in webs formed, upon collection at 
larger distances (higher DCD settings) from the 
die body. 

At a DCD setting of 7 cm, webs exhibited 
reduced "MD" orientation relative to those 
formed at 14 cm. This effect is attributed to some 
fibers being unable to successfully develop a 
forward flow pattern below DCD settings of 14 
cm, and rapid successive, more random, 
accumulation of short segments of fiber on top of 
each other. Some fibers are suspected to be 
essentially blown into themselves, thereby 
causing less overall orientation in the structures 
formed. It is also stipulated that air velocities are 
still much higher at small DCD values, thus 
bouncing back from the forming drum and 
thereby disturbing the MD orientation of fibers. 

Fiber-Stream Approach-Angle 
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Figure 9. ODF for MB PP fabrics at different 
DCD; 7 x 1 0" 2 g/min/hole polymer 
throughput rate, 1 .4 bar attenuating air 
pressure, 2 1 m/min take-up speed, and 282 °C 
air temp.; B7: 14 cm; B8: 2 1 cm; B9: 26 cm; 
and B10: 31 cm. 



Figure 10. ODF for MB PP fabrics at different 
fiber-stream approach-angles; 5.4 x 10" 2 
g/min/hole polymer throughput rate, 1.4 bar 
attenuating air pressure, 2 1 m/min take-up 
speed, 14 cm DCD, and air temp. 305 °C; 
Aa2a: 90°; Aa2b: 79°; Aa2c: 61°; Aa2d: 46°; 
Aa2e: 36°; and Aa2e: 26E3. 
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Figure 10, shows the fiber ODF for fabrics 
formed at approach-angles ranging from 90° to 
26°. Fiber fraction along MD is shown to 
increase by 60 % when the fiber-stream 
approach-angle changes from normal to 36 ° . A 
0 ° approach-angle would identify a fiber-stream 
path parallel to the tangent of the fiber forming- 
drum (essentially blowing past it). By reducing 
the fiber-stream approach-angle, some fibers will 
travel a longer path before being collected on the 
drum's surface (see Figure 4). Those fibers, 
which travel a longer path, are also traveling at a 
path more parallel to the tangent of the forming- 
drum, and exhibit this orientation upon 
collection. This effect contributes to an increase 
in orientation in the machine direction. This 
pattern continues up to a point where some fibers 
are actually blowing past the drum, but are 
pulled back into the fabric because their fiber 
ends are anchored inside the fiber stream. This 
effect was visually observed when collecting 
samples at approach-angles of 26 °. Fibers were 
observed blowing past the drum's surface, but 
due to their continuous nature were still trapped 
inside of the fiber stream. This either caused 
them to stick out of the formed fabric, or to be 
pulled back into it. In either case the structure of 
the formed fabric was disrupted, which can be 
observed in the data shown by the respective 
decrease in fiber orientation at approach-angles 
of 26° 

PoIymerThroughput Rate 



Fiber fraction along MD decreases with 
increasing throughput rate, as is shown in Figure 
1 1 . In meltblowing, analogous to what occurs in 
melt-spinning, higher polymer throughput rate is 
equated with larger average fiber diameter, 
keeping all other conditions constant [2]. When 
this is the case, larger size fibers present in the 
fiber stream will resist aligning themselves 
substantially in the air flow direction and assume 
a more random orientation. These fibers undulate 
more slowly (at lower frequencies) [16], as it 
becomes more difficult for a thicker and heavier 
structure to change direction as quickly as a 
smaller diameter structure. Lower undulating 
frequencies are shown to directly result in 
formation of more isotropic structures. 

Attenuating Air Pressure 
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Figure 1 1 . ODF for MB PP fabrics at different 
polymer throughput rate; 2. 1 bar attenuating air 
pressure, 15 m/min take-up speed, 18 cm DCD, 
and 282 °C air temp.; Atl: 5.4 x 10~ 2 g/min/hole, 
At2: 8. 1 x 10" 2 g/min/hole, and At3: 9.6 x 10" 2 
g/min/hole. 



Figure 12. ODF for MB PP fabrics at different 
attenuating air pressures; 9.6 x 10"' g/min/hole 
polymer throughput rate, 15 m/min take-up 
speed, 18 cm DCD, and 282 °C air temp.; Dpi : 
0.7 bar; Dp2: 1 .4 bar, and Dp3: 2. 1 bar. 



Figure 12 shows ODF results from fabrics 
formed by varying attenuating air pressure. 
Fabrics are shown to be less oriented along 
"MD" when higher attenuating air pressures are 
used. If one considers that higher take-up speeds 
have been shown to cause more orientation, the 
same argument can be made here. At lower 
attenuating air pressures the fiber speed reduces 
as compared to fiber formed at higher attenuating 
air pressures [25]. The ratio of take-up speed to 
fiber speed will increase with lower attenuating 
air-pressures. Subsequently an argument can be 
made that a decrease in fiber speed, i.e. lower 



6 



JTAU4 

Volume L Issue 1, September 2000 



attenuating air-pressure, has the same effect as 
an increase in take-up speed, thereby causing 
higher orientation to form in the fabric structure. 

Fiber Diameter Distribution 

SEM images at 600X were used to make the 
FDD measurements. Each image contained at 
least 20 fiber images. A well developed protocol 
on the image analysis software was used for 
adjusting the SEM image [8]. The resulting 
black and white fiber image was evaluated for 
fiber diameter. Influence of various process 
parameters on fiber diameter distribution is 
discussed below. 

Polymer Throughput Rate and Attenuating 
Air Pressure 
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Figure 13. Cumulative frequency distribution of 
fiber diameters at different polymer throughput 
rates; 0.7 bar air pressure, 282 °C air temp., and 
260 °C die temp.; Fpl : 1 .7 x 10' 2 g/min hole; 
Epl: 3.7 x 10- 2 g/min/hole; Apl3: 5.4 x 10" 2 
g/min/hole; Cpl: 8.1 x 10~ 2 g/min/hole; and Dpi: 
9.6 x 10" 2 g/mm/hole. 

Figure 13 shows cumulative frequencies of fiber 
diameter distributions of PP meltblown fabrics 
formed at different levels of polymer throughput 
rates and at a selected level of attenuating air 
pressure. Figure 14 shows cumulative 
frequencies of fiber diameters in fabrics 
produced at varying attenuating air pressure and 
a selected polymer throughput rate. 

All web samples in Figure 13 show fiber 
diameters to decrease and their distribution to 
narrow with a decrease in throughput rate. Figure 
14 shows cumulative frequencies for fiber 
diameter distributions in fabrics formed at 
varying attenuating air pressures, but a constant 
polymer throughput rate of 9.6 x 10" 2 g/min/hole, 
and the same temperature settings as in Figure 



13. Fiber diameters decrease with increase in 
attenuating air pressures in all cases; broader 
distributions of fiber diameters are observed with 
decreases in attenuating air pressures. All 
samples depict the same trend of increasing 
fraction of small diameter fibers with decreasing 
throughput rates; the increase in attenuating air 
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Figure 14. . Cumulative frequency distribution of 
fiber diameters at different attenuating air 
pressure; 9.6 x 10"^ g/min/hole throughput rate, 
282 °C air temp., and 260 °C die temp.; Dpi : 0.7 
bar; Dp2: 1.4 bar; Dp3: 2.1 bar: Dp4: 2.8 bar; 
and Dp5: 3.5 bar. 

pressure also increases the fraction of fine (less 
than 10 |LLm) fibers. An increase in attenuating 
air pressure results in higher velocity of forming 
air, exerting higher drag forces on the polymer 
mass as it is being pushed out of the die orifices, 
as well as resulting in higher fiber velocities [2, 
20]. Higher drag apparently attenuates the 
polymer mass to finer diameters, analogous to 
higher take-up roller speeds resulting in finer 
diameter filaments in conventional spinning. 

Attenuating Air Temperature 

Figure 15 shows cumulative frequencies for fiber 
diameter distributions obtained using varying 
attenuating air temperature. Fiber diameter was 
hardly affected by the attenuating air temperature 
in the range of (282 °C - 327 °C) studied. Similar 
trends were observed in a study by Rao and 
Shambaugh, where a 100° C increase in air 
temperature did not show much effect on fiber 
diameter [16]. In both Rao and Shambaugh and 
our case discussed, the polymer temperature (die 
temperature) settings were lower than the 
attenuating air temperature. The air temperature 
measured at the die orifice does not change 
significantly even when the employed die 
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temperature is lower than the air temperature. It 
is observed that the attenuating air temperatures 
studied in this research were not high enough to 
cause significant changes in diameters of the 
fibers. 
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Figure 15. Cumulative frequency distribution of 
fiber diameters at different attenuating air 
temperatures; 5.4 x 10" 2 g/min/hole throughput 
rate, 1 .4 bar attenuating air pressure, and 260 °C 
die temp.: Adl: 282 °C, Aa2a: 305 °C, and Aa3a. 
327 °C; 3.7 x 10' 2 g/mm/hole throughput rate, 
L4 bar attenuating air pressure, and 260 °C die 
temp.: E: 282 °C ? E2: 304 °C and E3: 327 °C. 

Die Temperature 
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Fiber Diameter (jim) 

Figure 16. Cumulative frequency distribution of 
fiber diameters at different die temperature; 9 6 x 
10" 2 g/min/hole polymer throughput rate; 1.4 bar 
attenuating air pressure, and 327 °C attenuating 
air teinp.; E3: 260 °C; E4: 293 °C; and E5: 327 
°C die temperature. 



Figure 16 shows cumulative frequencies for fiber 
diameter distributions of PP meltblown fabrics 
formed due to varying die temperatures. As is 
apparent, fiber diameter decreased with increases 
in die temperature. All samples show increases 
in fine fiber content with increasing die 
temperature. 

The dominant resultant effect of an increase in 
die temperature is lower polymer viscosity in the 
die body. A lower viscosity liquid will show less 
physical resistance to high velocity attenuating 
air, and allow finer fiber diameters to form. The 
reduction in polymer viscosity appears to be 
more significant over the temperature range 
evaluated, as similar changes in air temperatures 
have in this study not been able to show a lasting 
affect. Reduction in polymer viscosity would 
further show a larger effect at higher polymer 
throughput rates, where finer diameter fibers are 
formed with more difficulty. 

Pore Size Distribution 

The pore size distribution was measured using an 
automated perm porometer designed and sold by 
the Porous Materials Inc. This equipment works 
on the principle of capillary flow. Details 
regarding the theory and the working principle of 
the instrument are found else where [8, 22]. 
Influence of various process parameters on pore 
size distribution is discussed below. 
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Die to Collector Distance 
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(a) 



The Pore size distribution and the cumulative 
filter flow for the influence of the number of 
layers are given in Figure 18. These graphs 
indicate that with increase in the number of 
layers the pore size decreases and the filtration 
efficiency increases. The technique adopted 
measures the smallest diameter of a given pore 
and thereby if a layer of fibers with relative lv 
small pore size distribution is incorporated in the 
web, the overall pore size becomes smaller. With 
the decrease in the average pore size, the 
filtration efficiency increases. The data further 
indicates that increase in the number of layers 
from three to four does not have a significant 
effect on the pore size distribution and the 
filtration efficiency. 
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Figures 17 a & b. Pore Size Distribution and 
Cumulative Filter Flow (%) for MB PP Fabrics at 
different Die to Collector Distances. (Throughput : 
3.7,x 10 " g/min/hole, Air Pressure: 1.4 bar, 
Number of Layers: 2, Take Up Speed: 20 Vmin) 

Figure 17 shows normalized pore size 
distribution and cumulative filter flow of PP 
meitblown fibers formed due to varying die to 
collector distances. The pore size initially 
decreases with increase in the distance. The 
diameter of the pore at 1 5 cm is 18 microns. At 
this distance the web has a filtration efficiency 
greater than 95%. and hence particles larger than 
18 microns can be filtered. Further increase in 
the distance of the collector, increases the 
diameter of the pore. An increase in die to 
collector distance decreases the air velocity, 
alters the planar nature of the air, and the 
temperature of- the air profile. It leads to the 
formation of shots and hence an increase in the 
pore size of the web. 
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Figures 1 8 a & b. Pore Size Distribution and 
Cumulative Filter Flow (%) for MB PP Fabrics 
for variation in the number of layers. (Throughput 
: 3.7 x 10" 2 g/min/hole. Air Pressure: 1.4 bar, 
DCD 15 cm. Take Up Speed: 20 Vmin) 
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Attenuating Air Pressure 



finer pores increase the filtration efficiency of 
the web [1,4, 5]. 
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Figures 19 a & b. Pore Size Distribution and 
Cumulative Filter Flo w(%) for MB PP Fabrics for 
variation in the attenuating air pressure. (Throughput 
: 3.7 x 10" 2 g/min/hole, Number of Layers: 2, DCD 
15 cm, Take Up Speed: 20 Vmin) 

As was mentioned in our earlier discussion, with 
increasing attenuating air pressure the fraction of 
smaller fibers increases. An increase in the 
attenuating air pressure results in an increase in 
the velocity of the forming air and hence, an 
increase in the drag force exerted on the fiber. 
This leads to the formation of fine fibers. Finer 
fibers produced arrange themselves closer 
together and hence finer pores are formed in the 
web. Figure 19 shows the pore size distribution 
and the filtration efficiency of the webs produced 
at different attenuating air pressures.. 
Complementing the pore size distribution, the 
filtration efficiency increases with increasing 
attenuating air pressure. A higher percentage of 
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Figures 20 a & b. Pore Size Distribution and 
Cumulative Filter Flow(%) for MB PP Fabrics for 
variation in the web Take up Speed (Throughput : 
3.7 x 10" 2 g/min/hole, Number of Layers: 2, 
DCDC: 15 cm, Air Pressure: 1.4 bar) 

As has been mentioned in the earlier discussions, 
increase in the take up speed of the web 
decreases the basis weight of the web. The 
increase in take up speed also increases the fiber 
orientation in the machine direction. The 
increase in the orientation in the machine 
direction and the decrease in basis weight due to 
increase in the take up speed decreases the 
average pore size and forms a narrower 
distribution, as also reported by Bhatia [4]. As is 
shown in Figure 20, the increase in take up speed 
decreases the pore size and increases the 
filtration efficiency of the web. But, at the 
current throughput rate, basis weight and 
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attenuating air pressure there is no change in the 
pore size and filtration efficiency when the take 
up speed is changed from 40 ft/min to 50 ft/min. 
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Figures 21 a & b. Pore Size Distribution and 
Cumulative Filter Flow (%) for MB PP 
Fabrics for variation in the Polymer 
Throughput (Take Up Speed: 207min., 
Number of Layers: 2, DCD: 15 cm, Air 
Pressure: 1.4 bar) 



Figure 21 shows the pore size distribution and 
filtration efficiency of the webs for different 
throughput levels. Similar to the influence of 
through put on the diameter distribution of the 
fibers in the web [8], the average diameter of the 
pore size of the web decreases with the decrease 
in the through put through the meltblowing 
system. The diameter distribution range 
decreases. The filtration efficiency of the webs 
increases with the decrease in the average 
diameter of the pore size. 

4. CONCLUSIONS 

A novel 3D fiberweb manufacturing technology 
has been successfully developed. This Robotic 



Fiber Assembly & Control System (RFACS) can 
be implemented for production of seamless 3D 
meltblown nonwoven fabric structures. The set- 
up developed here allows for arbitrary 
positioning of the melt-blowing die in an initial 
reference frame to an arbitrary collecting surface 
without difficulty and accuracy of 1/10 of a 
millimeter. 

Experiments have demonstrated that rotational 
motion of a mold needs to be controlled 
according to its shape (curvature, etc.), when 
uniform basis-weight distribution is required. 
Various motion correction models (i.e. linear and 
nonlinear) may be successfully employed to 
some extent. Relative movement and orientation 
of die and collecting surface must be considered 
carefully to achieve desirable results. For the 
case of fiber deposition on a mold, it is desirable 
to have the center of the tool carrying die aligned 
normal to the surface of the mold. Such an 
orientation allows for more uniform fiber 
application to the mold surface and results in a 
4%-10% improvement in basis-weight 
uniformity. Implementation of a rule-base 
control algorithm that compensates for the mold 
position and speed as well as tool position was 
successfully done. The approach improves the 
basis-weight uniformity and significantly 
simplified the robot programming operation. 

Fiber ODF is shown to be a useful parameter for 
detailed analysis of changes taking place in 
meltblown nonwoven structures. Changes 
induced in structures by variation of process 
parameters were appropriately related to 
respective changes observed in the fabric's ODF. 

Changes in fabric take-up speed, die-to- 
collector-distance, fiber-stream approach-angle, 
polymer throughput rates, and attenuating air- 
pressures were shown to significantly affect fiber 
ODF in webs. Generally all fiber ODFs exhibited 
a bell-shaped pattern, with the highest frequency 
of orientation in the vicinity of MD. Changes in 
fiber-stream approach-angles were demonstrated 
to affect respective changes in fiber orientation 
distribution to the highest extent. For a change in 
fiber-stream approach-angle from normal (90°) 
to 36°, a 60 % increase in fiber alignment along 
the machine direction was shown. 

Fiber diameter distributions were shown to 
correlate well to processing conditions employed 
in meltblowing of polypropylene resin. Fiber 
diameters were demonstrated to reduce with 
reductions in throughput rate, and increases in 
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attenuating air pressures and die temperatures. 
Air temperatures in the range studied, below 210 
°C at the die-orifice exit, were shown to not 
affect fiber diameter distributions. Good 
agreement for all results was also found to 
average fiber diameter data observed in 
published literature. 

The pore size distribution and the filtration 
efficiency of the melt blown polypropylene webs 
were characterized. The effect of the process 
variables on the average pore size distribution 
was investigated. The changes in the average 
pore diameter were related to the diameter 
changes that take place in the fibers formed and 
their orientation distribution. The change in die- 
to-collector-distance, number of layers, 
attenuating air pressure, polymer throughput 
rates, and web take up speeds were shown to 
significantly affect the average pore size and the 
filtration efficiency of the webs formed. In the 
case of die to collector distance, the least pore 
size and the best filtration efficiency was formed 
at a distance of 1 5 cm. as the temperature of the 
attenuating air is dropped to around temperature 
beyond the 1 5 cm. This does not allow further 
changes in the internal structure of the fiber and 
also effects the consolidation of the fiber web on 
the collecting surface. The increase in 
attenuating air pressure from 0.7 bar to 2.8 bar 
reduces the average predominant pore size by 
60%, while when the take up speed is increased 
from 207min to SOVmin, the average pore size 
reduces by 33%. 
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ABSTRACT 

The melt blown process produces a "fine fiber, small pore size, nonwoven web directly from 
polymer chips. The web is formed entirely of a given polymer without the need of added binders, 
finishes or thermal bonding of the fiber?. A variety of additives can be put in with the 
polymer to affect the end properties of the web; similar to any other extrusion based process. 
ThQ web can undergo further processing such as calendering to produce finer pore sizes' These 
webs have been found to be useful as a battery separator, especially in alkaline chemistries 
This paper gives a Qeneral review of the process. 



History 

Melt blown technology was initially developed 
under the sponsorship of the United States 
government in the 1950 's. The work was bequn 
at the Naval Research Laboratory for the 
collection of radioactive particles in the 
upper atmosphere. In 1954 Van A. Wente was 
the first to demonstrate the concept of melt 
blowing of molten thermoplastic resins to 
form microfibers of less than 10 microns (-1, 
2,3). During the I96trs Eraon Research and 
Engineering f then Essn) developed the 
equipment to produce a continuous web 40-inch 
wide. The initial development work was for 
battery separators (flooded lead acid) and 
synthetic electrical paper. Exxon developed a 
3-ply calendered Polypropylene (?P) laminate 
for this application (4). Reigel Products 
commercialized a PP melt blown Separator for 
lead acid, maintenance free SLI batteries in 
the 1970' s. Problems with uniformity, re- 
wetability (hydrophobic nature of PP) and 
fabric abrasion slowed its acceptance and led 
to the demise of the product (5). Exxon 
recognized potential use in filtration, 
hygiene products, adhesive webs, cigarette 
filters and specialty synthetic papers. They 
also recognized the possibilities of 
combining me it blown webs with other webs, 
especially for reinforcement, through 
laminations and coatings (6). Exxon built an 
extensive patent position for melt blown. 
During the 19?0's, Exxon began licensing this 
technology and continued to support research 
at the University of Tennessee" Today, the 
University of Tennessee (TANDEC) has assumed 
licensing of the technology, There are over 
4 5 active licensees of the'melt blown 
process. Melt blown production accounts for 
about 5% of the total worldwide production oi 
nonwovens however it accounts for about 30% 
of the total patent activity in nonwovens 
(7). Numerous melt blown battery separator 
patents abound for all battery chemistries. 



Description of Melt Blown Process 

The melt blown process is defined as a one 
step process. The thermoplastic resin is 
melted in an extruder, passed through a 
circular orifice, drawn by the impingement of 
high velocity, hot air into fine fibers, 
which are collected onto a belt or drum, 
forming the nonwoven web in one operation. 

In must cases, the die tip consists of a 
single row of holes extending across the 
width of the machine. These holes are 
approximately 300 micron in diameter and 
Spaced at 2 to 16 holes per cm width of the 
die, A metering or gear pump is used after 
the extruder to insure uniform and consistent 
delivery of the molten polymer. The molten 
polymer is fed to this row of holes, by a 
coat hanger die. similar to those found in 
film extrusion. 



Figure t Simple diagram of melt blown process (8). 
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The hot air is divided into two channels that 
impinge on the molten fiber as it leaves the 
die tip, figure 1. The fibers? within an inch 
of the die tip are attenuated down to a fiber 
diameter between 2 and 10 microns average 
fiber diameter. At this distance the velocity 
of the hot air approaches sonic velocity. The 
hot air jet entrains ambient air and expands 
35 it passes from the die tip, which allows 
the fibers to cool before collection as a 
web. The web is typically collected under 
suction and the fibers obtain a random 
orientation on lay down as well as becoming 
entangled. 

puite often melt blown webs are simplv wound 
up and used as is. They often qo through 
finishing operations . These operations 
include electrostatic charging to improve 
particle filtration from air or other gases, 
calendering to reduce thickness and lower the 
pore size and lamination to other substrates. 
They are often combined with spunbonds (SMS) 
or extruded nettings for improved strengths 
or improved abrasion resistance. Lamination 
is most often done with heat or ultrasonics 
making use of the thermoplastic properties of 
the polymers. 



Figure Z. Meft blown separator that shows graphed fibers for 
improved wetting of the separator The treatment is indicated 
by the irregular surface of the fibers. 
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The poiyolefin webs are inherently 
hydrophobic. To improve wetability of the 
web various surface treatments must be done 
to the fibers such as treatment with surface 
active agents, sulphonation (9) or grafting 
functional groups on to the fibers with UV tc 
add functional groups to increases the 
byrirophillc nature of the web, figure 2. 



Web Characteristics 

The fibers formed in the process are 
generally considered as being continuous with 
a random orientation. Since the fibers are 
stretched when molten and then rapidly 
quenched, there is low crystallini tv~in the 
bulk of the fiber which leads to a weak 
fiber. This combined with entanglement of 
the fibers results in a relatively weak web. 
However, the fine fibers provide good 
coverage and therefore have low opacity. The 
fin© fibers and qood coverage provide a 
tortuous path through the thickness of the 
web so that melt blown webs have low pore 
sizes when compared to other nonwovens such 
as spunbondc, but larger when compared to 
separators such as microglass AGM for VRLA 
batteries. 

The microfibers provide a high surface area, 
which is an important characteristic for 
insulation and filtration. The fibers have a 
generally smooth surface texture and are 
circular. There is a high degree of fiber 
branching or bundling which is a result of 
molten fibers contacting each other near the 
. die tip. 

Another web defect associated with melt blown 
is known as shot, which are clumps of 
polymer. These clumps are a result of 
equipment cleanliness as well as the process 
conditions. Shot is generally attributed to 
the breakage of the fibers as they are being 
drawn in the air stream. 

Most melt blown webs have a layered structure 
due to the circular motion of the fiber going 
onto the collection belt. This layered 
effect is more pronounced in heavier webs. 
Since the surface fibers are bonded 
minimally, melt blown webs are considered to 
have low abrasion resistance, However, since 
the fibers are essentially continuous melt 
blown webs should be considered not to have 
shedding fibers. 

Melt blown webs can be made in a variety of 
basis weights by controlling the extrusion 
rate and the speed of the collection device. 
Webs can be made as light as 5 girr : 
unsupported or below 1 girr 2 with a support 
web , webs can be made as heavy as 400 gnr 2 . 

Average fiber diameters for a melt blown web 
can range from 2 to 20 microns. This is still 
higher than the fiber diameters that can be 
obtained with microqlass separators or 
membranes. Any melt blown web due to the 
randomness of the hot air. high velocity, 
nber attenuation process has a rather broad 
distribution of individual fiber diameters, 
similar to the distribution in a microglass 
VRLA separator . For example, microscopic 
examination of a 3-micron average web will 
show fibers below 1 micron as veil as fibers 
up to 10 micron. 
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Another difference between a wet laid 
separator such as a microglass and a. melt 
blown separator is that the melt blown 
process does not produce as uniform a web as 
does the wet laid technology. A good melt 
blown process may have a uniformity of ± 10% 
while a wetlaid process can deliver in the ± 
4% range. This can have critical negative 
performance influences in systems such as 
VRLA batteries where compression force on the 
active material is crucial to long Term 
battery performance. 

The average fiber diameter is mainly 
, determined by the throughput rate however 
other factors such as melt temperature melt 
viscosity, air temperature and air velocity 
also affects the fiber diameter. 

Melt blown parameters can also be adjusted so 
as to produce a wide range of web densities. 
The throughput, temperature and collection 
distance will affect the web density. Web 
densities can be made as low as 0,1 gem- 3 or 
as high as about 0.15 gem'-. If the web goes 
through a subsequent calender step, densities 
as high as about 0.8 gcm° can be made. At an 
equivalent density a polyolefin web will have 
a lower porosity to absorb electrolyte as 
compared to a microglass media. This is due 
to the lower density of the raw materials 
typically in the 0.9 to 1.1 genr' as compared 
to microglass at 2,5 gem*- 1 . 

Polymers 

Theoretically, any thermoplastic polymer 
should have the ability to be meltblown. 
however some polymers definitely work better 
than others do. Most melt blown materials 
are made with polypropylene due to intrinsic 
properties as well as cost and the 
versatility to make a wide ranqe of products 
from very fine to very coarse iibers. The 
next most used polymers are probably 
polybutylene terephthalate and Nylon 6, Both 
are fairly easy to process but are more 
expensive than polypropylene. Other polymers 
that have been melt blown include linear* low- 
density polyethylene, Nylon 6,6 and 12. 
polycarbonate, polyphenylene sulfide, 
polymethyl pent one. polystyrene, 
polyethylene, and polyvinyl alcohol. Some 
co-polymers that have been melt blown include 
ethylene/ chlorotrif iuoro-ethylene , 
copoiyesters. polyurethan, ethylene vinyl 
acetates and polyamide polyethers. 

Since the molten fiber must go through a 
substantial draw down over a very short 
distance, the polymer must have a low melt 
viscosity at the process temperature. One 
common industry measurement "for melt 
viscosity is Melt Flow Rate (MER) . This is 
the amount of polymer, in grams that flows 
through a given orifice under a given load at 
a given temperature in ten minutes. A high 
MFR ^ translates into a low melt viscosity/ A 
typical polypropylene used for melt blowing 
wouid have an MFR of about lOOOq/10 minutes. 



This roughly corresponds to a melt viscosity 
' of about 50 poise. For comparison, 
polypropylene resins used in extruded fibers 
are about 150 MER while a commodity 
polypropylene for a molded part would have an 
MFR below 10. Tne higher MFR resins also 
allow for lower processing temperatures which 
reduce polymer degradation and the life of 
the equipment . 

Additives 

Although one of the advantages of melt blown 
webs is that the fibers can be made from a 
pure polymer, many additives can be added to 
improve the performance of the web. The 
additives are typical of other extrusion 
processes. Most do not affect the fiber 
production if they are kept to levels below 5 
to 10%. Most additives are most easily 
processed if they first are made into 
concentrate with the primary resin. 
Typically these concentrates are made as 
pellets containing 10 to 20% of the additive. 
They are then mixed with virgin resin to get 
the level down to around one- percent and 
then fed into the extruder. Use of the 
concentrates makes feed into the extruder 
easier and also helps to insure a uniform 
mixture of the additive - 

Additives would include; 
Piqments 
Lufiri cants 
Flame Retardants 
Wetting Agents 
Anti-C&cidants 
Light Stabilizers 
Heat Stabilizers 
An ti -Stats 

Quite often peroxides are added into 
polypropylenes to achieve the high .MFR' s 
discussed above. The peroxides control lably 
cut the polymer chains without affectinQ 
other properties of the polymer. 

Applications 

E^cxon accurately predicted current uses for 
melt blown webs over 25 years ago. The melt 
blown process uniquely produces fine fiber 
webs not available in other technologies with 
the exception of wet laid microglass" The 
following markets currently use melt blown 
products : 

Medical Fabrics- OR gowns, drapes and 
face masks 

❖ Filtration Media- HVAC, liquid filters, 
industrial face masks, vacuum cleaner 
bags, indoor air quality, bag filters, 
blood filters. 

*> Sanitary Products- Infant diapers, 
feminine hygiene. 

* waste Sorbents- Oil booms, industrial 
spills . 

Wipes 
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❖ Hot Melt Adhesives 

Electronic Specialties- Battery 
Separators. Cable Wrap 

Meltblown Webs as Separators 

The melt blown process wa3 originally 
targeted to capture the large automotive SLI 
lead acid market for maintenance free 
batteries. The technology as compared to 
other separators for this market, microporous 
polyethylene and 10-G. proved not to be a 
suitable technology. This was due to the 
separator's relative higher cost, poorer 
oxidative resistance, poor uniformity and the 
hydrophobic nature of the thermoplastic 
materials used to extrude the fibers, 
Althougn, the melt blown technology has 
improved, since the 70 '2. allowing for a more 
uniform product today, so has the other 
competing technologies, i.e., such as thinner 
backvebs for microporous polyethylene 
separators, The technology to make the 
fibers hydrophilic has also drastically 
improved' but still does not allow for the 
long-term hyrophillicity in lead acid 
separators systems for lead acid batteries. 
Surface treatments to polyolefins have been 
very successful for use in alkaline 
electrolyte applications. In lead acid the 
same applications have still been 
problematic, 

Figure 3. Foaming VRLA Battery 




In a recent battery test using a commercially 
available melt blown separator the lead acid 
batteries suffered from" thermal runway, short 
cycle life (about 50 cycles) and foaming from 
the vent valves, figure 3 Control batteries 
using 100% microglass separators had none of 
these problems. The control batteries had 7 



times the cycle performance of the melt blown 
separator batteries, without any of the 
safety problems observed during the testing. 
The melt blown batteries during testing had 
forty percent of the batteries go into 
thermal runaway. Tear down analysis of these 
batteries showed that the separator was 
hydrophobic in random areas. Some cells had 
considerable amount of free acid on the top 
of the cell. It is assumed this free acid on 
the top of the cell was boiling to the top of 
plates in the cell, as the separator became 
more hydrophobic. The separator would not 
absorb this free acid, even though it was 
observed that numerous dry area/spots within 
the cell group. Testing of these spots 
outside the cell verify that the separator 
was repealing the acid. 

On the other hand, melt blown separators for 
alkaline and lithium technologies are the 
systems that have seen the main benefit from 
the melt blown technology. Commercial melt 
blown separators are being used in lithium, 
nickel cadmium and nickel metal hydride 
systems and other battery systems. 

Since the melt blown process extrudes the 
fibers in one step, the process can provide a 
separator with overall finer fibers to 
provide greater coverage. The melt blown 
technology can provide a fiber with an 
average fiber diameter down 1-2 microns, A 
typical 3taple fiber used in the nonwoven 
process start at 12 microns. Therefore, the 
surface area of a typical melt blown is 
higher than a staple fiber nonwoven 
separator. This results in a finer pore 
structure and greater tortuousity. at an 
equivalent thickness for the separator. 

However, the weight uniformity of a melt 
blown as compared to a traditional drylaid 
staple fiber nonwoven is more variable. The 
other drawback of melt blown is lower 
strength and lower compression rebound, in 
fact resiliency of a melt blown separator is 
so poor that it actually seals off the 
separator. This is why 100% melt blown 
separators are rarely used in cylindrically 
wound ceils. On the other hand surface 
treatment of polyolefin melt blown is 
particularly effective due to the high 
surface area. 

Strength issues have been addressed by 
laminating, to either one or both sides, 
other types of nonwovens, such as spunbond 
webs to the melt blown base material. Tnis 
approach improves uniformity and strength 
related processing issues. However, the 
laminate tends to reduce surface area and 
increases nonporous areas leading to an 
increase in electrical resistance and in some 
cases higher internal cells impedance. 

Overall, as this technology matures further 
the melt blown process will continue to 
expand the benefits to the battery community 
by allowing for improved separator systems. 



148 



RUG 03-2004 12:06 FR HOLL 1 NGSWORTH&UOSE 978 448 9342 TO PURDUE 



P. 07/14 



REFERENCES 

1) . Wente, V.A. ; et al. "Manufacture of Super 
Fine Organic Fibers", Report No. 4364. Naval 
Research Laboratories, May 2 5, 1954. 

2) . Wente. V.A. . Superfine Thermoplastic 
Fibers". Industrial and Engineerinq 
Chemistrv. Vol.48, cage 1342-1436. August. 
1956. 

3) . Lawerance. K.D.. et al - "An Improved 
device for the formation of Superfine 
Thermoplastic Fibers". Navel Research 
Laboratory, Report 5265. Feb 11. 1959. 

4) . Prentice, J.S., U.S.. patent 4. 078.124. 

"Laminated Non-Woven Sheet. March 7. 1978 

5) . McCulloch. W.J.G. . Ph.D. . "The History of 
the Development of Melt Blowing Technology". 
TAPPl Nonwovens Conference. March 15-17. 

19 99, TAPPI Press. ISEN 0-39852-7 35-X 

5) Buntin. R. and Lohkamp. D. , "Melt 
Blowing. A One Step Web Process For New 
Nonvoven Products". TAPPI 1973. Journal of 
the Technical Association of the Pulp and 
Paper Industrv. 

6) - Smith. D.K. . "Nonwoven Markets In The 
Next Millenium". Proceedings of the Seventh 
Annual Tandec Nonwovens Conference, 1997. 

7) . Turbak, Albin F. . "Nonwovens- Theory. 
Process. Performance, and testing." Chapter 
8, figure 8.2, TAPPI Press. 1993. ISBN;0- 
89352-26S-X. 

6). European Patent 316 916. 



149 



